We have extended the method of transposon mutagenesis to the eukaryote, Saccharomyces cerevisiae. A bacterial transposon containing a selectable yeast gene can be transposed into a cloned fragment of yeast DNA in Escherichia coli, and the transposon insertion can be returned to the yeast genome by homologous recombination. Initially, the cloned yeast DNA fragment to be mutagenized was transformed into an E. coli strain containing an F factor derivative carrying the transposable element. The culture was grown to allow transposition and cointegrate formation and, upon conjugation, recipients were selected that contained yeast sequences with transposon insertions. The yeast DNA was removed from the vector by restriction endonuclease digestion, and the transposon insertion was transformed into yeast. The procedure required a minimum number of manipulations, and each transconjugant colony contained an independent insertion. We describe 12 transposon Tn3 derivatives for this procedure as well as several cloning vectors to facilitate the method.
recipients were selected that contained yeast sequences with transposon insertions. The yeast DNA was removed from the vector by restriction endonuclease digestion, and the transposon insertion was transformed into yeast. The procedure required a minimum number of manipulations, and each transconjugant colony contained an independent insertion. We describe 12 transposon Tn3 derivatives for this procedure as well as several cloning vectors to facilitate the method.
Transposon mutagenesis has many advantages over chemical mutagenesis including a high mutation frequency without killing the organism, single hit mutations, the ability to recover the mutated gene after mutagenesis, the ability to introduce selectable markers in strain construction, and use as a portable region of homology for genetic manipulations. Most transposon mutagenesis protocols rely on a bacteriophage or conjugative plasmid for delivery of the insertion element into the organism, so they cannot be applied to organisms that do not have phage or conjugative plasmids. The technique described here, shuttle mutagenesis, utilizes cloned genes in Escherichia coli as targets for transposition and requires only that the organism has a transformation system with the ability to recombine insertions into the chromosome. Efficient insertion and selection ofinsertions in cloned genes within E. coli is achieved by conduction of cointegrate forms of plasmids between strains (1). To allow selection in both yeast and E. coli we have constructed several mini-transposon derivatives containing the Tn3 (3-lactamase gene and one of five selectable yeast genes. In addition, we have constructed derivatives of each of these transposons that contain a copy of the E. coli lacZ coding sequence fused to an open reading frame in one Tn3 38-basepair (bp) terminal repeat. Translational fusions of cloned yeast genes showing /3-galactosidase activity can be isolated when in frame insertions into the genes are made.
Shuttle mutagenesis is designed to use derivatives of bacterial transposon Tn3 as insertion sequences. This transposon confers ampicillin resistance to its host and has several properties that make it efficient in producing insertions (2) . Transposition of Tn3 normally occurs in two steps. In the first step the donor and target molecules become joined with direct repeats of Tn3 at the junction (a cointegrate). This step requires transposase, an enzyme encoded by Tn3 and the two 38-bp terminal repeats. The transposase can be supplied in trans and, thus Tn3-derived transposons as small as 72 bp, encompassing only the ends, are functional for cointegrate formation (3) . The second step in Tn3 transposition is resolution ofthe cointegrate to give a simple insertion in the target DNA while reforming the donor. Resolution of cointegrates occurs by site-specific recombination at an internal resolution site (res or IRS) mediated by the Tn3 resolvase (4) . Bacteriophage P1 also encodes a site-specific recombination system that can resolve cointegrates. The bacteriophage produces the cre enzyme that catalyzes recombination between lox sites (5). The major difference between the P1 and Tn3 systems is that cre can catalyze both intra-and intermolecular recombination while the Tn3 resolvase only acts intramolecularly. We have made use of the P1 lox/cre system to resolve cointegrates in shuttle mutagenesis.
Tn3 shows transposition immunity to plasmids that contain at least one Tn3 terminal repeat. Transposition immunity is only active in cis leaving transposition to other plasmids in the same cell unaffected (6) 
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The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact. it would be predicted to cut once every 16 kilobases (kb) in a random DNA sequence. In an A-T-rich organism like yeast, the enzyme has a probability of cutting every 390 kb (assuming 60% AT). Therefore, DNA fragments that have been cloned between the Not I sites have a high probability of being excised intact by Not I. The basic vectors used in the procedure are derived from an amplifiable pMB8 replicon (pFH97; ref. 14), the kanamycin resistance determinant (Kmr) from Tn5 (15) , and a synthetic double-stranded DNA molecule containing recognition sites for the restriction enzymes Not I, BamHI, and EcoRI ( Fig. 1) The vectors also contain the polylinker from pLink322 ( Fig. 2 Vectors pHSS9 and pHSS10 (not shown) carry a DNA fragment that contains the M13 phage origin of replication (17) . Single-stranded DNA is produced from these plasmids when an M13 helper phage is used. A gel purified 514-bp Rsa I origin fragment from M13 replicative form I (RFI) DNA (18) was inserted into the Sma I site of pHSS6 to make pHSS9. The polylinker in pHSS9 was inverted between the Not I sites to make pHSS10. The M13 origin vectors can be used to clone mutagenic insertions from a yeast cell into E. coli. After single stranded DNA is produced, oligonucleotide probes specific for the ends of the mini-transposon can be used as pnmers in dideoxy sequencing (19) to sequence the site ofthe mini-transposon insertion directly. In addition, a series of insertions of a mini-Tn3 element into a cloned insert can be used to sequence a large insert without subcloning.
The Mini-Transposons. The prototype mini-Tn3 derivative was constructed as shown in Fig. 3 , by introducing a cloned, synthetically prepared copy of the Tn3 terminal repeat from pIR38-8 (20) into pRH43, a pBR322 derivative containing two cloned loxP sites (21) . This resulted in a plasmid (pTn) that has a ,B-lactamase gene and a loxP site surrounded by two 38-bp inverted repeats. Only one terminal repeat of Tn3 was required since a second copy of the terminal repeat was already present at position 3148 ofpBR322 (27) . Choice ofthe loxP site was based on its smaller size as compared with the res site of Tn3 and for the convenience of flanking restriction sites in the constructions. Also, many E. coli strains contain the transposon y8 (TnlO00) in their chromosome (28) , and the resolvase of Tnl000 can complement that of Tn3. If trans- (11) was cloned between the same sites in a pHSS4 (Fig. 1) derivative, in which the HindIII site had been removed by filling in with the Klenow fragment of DNA polymerase I.
position were done in a TnJO00-containing strain, most cointegrates would resolve before transfer. Thus the use of loxP alleviated the necessity of using TnlO00-free strains in the procedure.
The selectable yeast genes HIS3, URA3, TRPI, LEU2, and SUPJI were inserted into this small Tn3 derivative by inserting the appropriate restriction fragment. Details of the cloning strategies are discussed in Fig. 3 . To make derivatives of these transposons that can be used to produce translational fusions, the (-galactosidase coding region, without the first eight amino acids, was cloned into the unique BamHI site in each of the six plasmids described above from pMC1871 (22) . These plasmids have the P-galactosidase coding region in frame with the one open reading frame of the 38-bp terminal repeat. The structure of one of the lac mini-transposons is shown in Fig. 3b . When these minitransposons transpose into a coding region in frame they will produce translational fusion products. The mini-transposons shown in Fig. 3 are defective in that b.
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Ir Xm ori they contain only the 38-bp repeats of Tn3. They require transposase to be supplied in trans for transposition to occur. We make use of a pACYC184 derivative, pLB101, as a source of transposase. This plasmid has had the right end of Tn3 deleted leaving transposase as the only trans-acting Tn3 function (3). This plasmid is immune to Tn3 transposition due to the remaining 38-bp Tn3 repeat insuring that transposition of an element will not occur into pLB101. Resolution of cointegrate structures can not take place due to the absence of a res site in the defective Tn3. Resolution of cointegrate structures can be obtained by site-specific recombination between bacteriophage P1 loxP sites contained in the minitransposons (5). This recombination event is catalyzed by the cre protein of bacteriophage P1 that is encoded for by a bacteriophage X lysogen in E. coli strain NS2114. Although a P1 phage lysogen could also be used to resolve the cointegrate structures, newly transferred DNA from a strain that does not express the P1 modification activity would be subject to degradation by the phage restriction activity.
We chose the F derivative pOX38 (29) to carry the mini-transposons because it transfers at high frequency (100%o per hour) and does not contain any known insertion sequences that might form cointegrates with the vector. Each of the 12 plasmids described above containing the mini-Tn3 derivatives was transformed into a cell containing pLB101, the source oftransposase, and pOX38. Transconjugants were selected in matings between these strains and a polA derivative of strain W3110 carrying a X prophage that provides cre function. Transconjugants were grown for several generations to segregate out the pBR322 replicon. After transfer of pOX38 carrying the mini-transposon from the polA strain to NS2114SM, the absence of the small multicopy plasmid was ascertained.
Mutagenesis of a Cloned Gene. The ADEI gene of S. cerevisiae produces phosphoribosyl-amino-imidazolesuccinocarboximide synthetase, an enzyme involved in the adenine biosynthetic pathway. Yeast strains that contain an adel coliplasmid, and a preliminary mapping ofthe gene by R-loop analysis has been reported (30) . We used the cloned ADEI DNA as a target for saturation mutagenesis with a minitransposon to provide a more detailed mapping of the coding sequence of the gene.
A 2-kb EcoRI fragment containing the ADEI gene was subcloned from YEp13 (ADEI)1 (30) into the EcoRI site of pHSS4 and used as a target for shuttle mutagenesis. The cellular events that occur after the cloned ADEI gene is transformed into E. coli are schematically shown in Fig. 4 . Fig. 4 is representative of the events occurring in a single cell of a culture regardless of the mini-transposon derivative or cloned gene used. After allowing transposition of mTn3(HIS3) from pOX38 into pHSS4(ADEJ) the culture was mated with NS2114Sm for 30 min and transconjugants selected with kanamycin, ampicillin, and streptomycin. Normally, greater than 104 transconjugants per ml are found after mating for 15 min. The plasmid DNA from 41 transconjugant colonies was analyzed by digestion with restriction endonu-A.
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clease Not I to distinguish insertions into the vector from those in the yeast DNA. Six insertions were in the vector and not mapped. Three transconjugants showed multiple bands in restriction digests and are thought to result from multiple matings of different donors with the same recipient. The number of transconjugants showing multiple bands can be reduced by mating for 15 min (data not shown). All 32 insertions in the cloned DNA were mapped by digestion with several restriction endonucleases. Fig. 5 shows a physical and genetic map of pHSS4(ADEJ) and the insertions of m-Tn3(HIS3) into the ADEI gene. The insertions were spread evenly throughout the cloned DNA with no two insertions mapping as identical. Therefore, there are no hot spots for m-Tn3 transposition in pHSS4(ADEJ).
DNA from all 32 isolates was digested with Not I, and used to transform S. cerevisiae strain YP52ADE' selecting for HIS' colonies. The 3 insertions in the pBR322 homology did not transform, while the other 29 clones each gave about 200 colonies with 5 jug of DNA. We assume that this low level of transformation is due to the nonhomologous ends of the Not I-digested DNA. All m-Tn3(HIS3) insertions that resulted in a red phenotype on YPD media when transformed into YP52ADE' were assumed to be in the ADEI gene, These 16 insertions are shown by the thick line in Fig. 5 . To show that the insertions were in the homologous region of the chromosome, Southern blots were performed on six of the HIS' transformants using pHSS4(ADEI) DNA as a probe. DNA was prepared from the HIS' Ye52 transformants ( Another useful feature of the system lies in the minitransposon derivatives that carry the ,B-galactosidase coding sequence. These mini-transposons can be used to make lacZ fusions with any cloned gene when transposition fuses the lacZ sequence in frame with the cloned gene coding sequence. The fusions can be used to study regulation of a gene (32, 33) or to purify a gene product using P-galactosidase antibody to isolate the fusion product (34) . To aid in the procedure, a series of new Tn3-free cloning vectors was constructed. These plasmids contain minimal nonessential information, leaving the largest target for insertions in the cloned sequences. In addition, the use of restriction endonuclease Not I sites to surround the cloning region allows the excision ofintact fiagments ofyeast DNA that carry sufficient DNA homology surrounding the transposon insertions to recombine into the yeast chromosome. The low level of yeast transformants can be improved upon if the Not I ends of the DNA were removed by limited nuclease BAL-31 digestion.
We have demonstrated the utility of the technique by using it to map the yeast ADEI gene. Insertions that produced an adel phenotype (red color) when returned to yeast spanned approximately 900 bp. This is in close agreement with the predicted size of the gene (30) . Two insertions at one end of the gene produced a pink phenotype suggesting that they still had partial function. We believe that these insertions may be in the 3' end of the gene leaving a truncated protein with partial enzymatic activity. However, from this data alone we cannot determine which end of the gene is 5'. This method of shuttle mutagenesis allows rapid mapping and sequencing of cloned yeast genes. The mini-transposon that carries URA3 can be used as a marker to move alleles into yeast that have no selectable phenotype. The ability to select for URA' cells on minimal medium allows cotransformation of the nonselectable mutation with URA'. The ability to select for URA-cells with 5-fluoroorotic acid (35) can then be used to select for those cells which have become URA-through a spontaneous loss of the URA3 minitransposon. The selectable phenotype associated with these mutations will aid in their cloning and characterization. The basic steps of this procedure can be adapted for use with other organisms besides yeast.
